The traditional Fourier-Bessel approach to three-dimensional reconstruction from electron microscopic (EM) images of helical polymers involves averaging over filaments, assuming a homogeneous structure and symmetry. We have used a real-space reconstruction approach to study the EspA filaments formed by enteropathogenic E. coli. In negative stain, the symmetry of these filaments is ambiguous, and we suggest that such ambiguities may be more prevalent than realized. Using cryo-EM of frozen-hydrated filaments, we find that these filaments have a fixed twist with 5.6 subunits per turn but an axial rise per subunit that varies from about 3.6 Å to 5.6 Å . Reconstructions at w15 Å resolution show a switching between the more compressed and extended filaments in the packing of putative a helices around the hollow lumen. Outside of a crystal, where there is nothing to maintain long-range order, the structural polymorphism in helical polymers may be much greater than has been assumed.
Introduction
The type III secretion system (T3SS), found in many gram-negative pathogenic bacteria, involves a protein secretory pathway that allows these pathogens to inject virulence proteins (termed effectors) into the cytoplasm of the cells that they will infect. Some of these T3SS effector proteins have been shown to remodel the hostcell cytoplasm to cause the host to engulf the bacterium, resulting in the infection (Galan, 2001; Goosney et al., 2000; Deng et al., 2004) . There is great interest in the T3SS, both in terms of understanding fundamental mechanisms of secretion in bacterial cells as well as due to the clinical importance of pathogens such as Shigella, Salmonella, and pathogenic E. coli that depend upon the T3SS for their pathogenicity.
Apart from the effector proteins, there is also a physical apparatus, termed the needle complex, responsible for the export of T3SS proteins out of the bacterial cell. It has been shown that the needle and the associated basal structure associated with the needle have a structural and functional homology with the bacterial flagellar apparatus (Cordes et al., 2003; Johnson et al., 2005; Sukhan et al., 2001) . In flagellar morphogenesis, flagellin subunits are thought to be secreted out of the bacterial cell through a hollow lumen in the flagellar filament, and these subunits then assemble at the distal tip of the flagellum. In enteropathogenic E. coli (EPEC), a filamentous extension of the needle containing the EspA protein extends from the needle of the bacterial cell to the plasma membrane of the host cell (Ebel et al., 1998; Knutton et al., 1998; Sekiya et al., 2001) .
A previous study (Daniell et al., 2003) used electron microscopy of negatively stained EspA filaments to generate a low-resolution (w26 Å ) reconstruction. Because EspA filaments diffract so weakly, the traditional approach (DeRosier and Klug, 1968) to Fourier-Bessel reconstruction of helical filaments could not be used. In the Fourier-Bessel method, layer lines arising from the helical symmetry of the filament are extracted from the Fourier transforms of individual filaments. The Fourier transforms of individual EspA filaments are so noisy that no pattern of layer lines can be deduced. Daniell et al. tried to surmount this problem by using an ensemble of short segments extracted from images of the filaments to generate a single average image, taking the Fourier transform of this average, and extracting layer lines from this transform to use in a three-dimensional reconstruction. We have examined EspA filaments with both negative stain and cryo-EM of frozen-hydrated samples. We show that the approach previously used is flawed, and this may be due in part to the structural variability of EspA filaments. We use the iterative helical real space reconstruction (IHRSR) method (Egelman, 2000) to reconstruct the EspA filaments at w15 Å resolution and show that they have a fixed twist but a variable axial rise. The advantage of our method is that heterogeneity can be discerned in the course of the analysis, and separate reconstructions can be generated from more homogeneous subsets of images. The compressibility/extensibility of EspA filaments may allow these long hollow structures to survive large shear forces while maintaining the patency of the lumen.
Results

Negatively Stained EspA Filaments
Polymers formed by purified recombinant EspA protein (Yip et al., 2005) were initially examined by electron microscopy (data not shown). We found that the polymers were too disordered for further characterization, suggesting that while the purified EspA protein retains the ability in vitro to self-associate, the assembly of the regular EspA filament in situ most likely requires other factors. We therefore examined EspA filaments that had been sheared from the surface of EPEC cells in culture. We have chosen a different approach to examine negatively stained EspA filaments than used by Daniell et al. (2003) . We extracted 2358 nonoverlapping short segments (each 100 pixels, corresponding to 420 Å ) from images of the filaments ( Figure 1A ) and then added together the power spectrum from each image ( Figure 1B) .
The resulting power spectrum shows three layer lines (labeled 2, 3, and 5) that are of nearly equal intensity. In contrast, the power spectrum shown by Daniell et al. was dominated by layer line 3, and the other two layer lines were quite faint. Which power spectrum is correct? Since the power spectrum of an object is invariant under translations of the object, as well as invariant under rotations of the object by 180º, the addition of power spectra as we have done requires only small (<5º) in-plane rotations of the image segments. On the other hand, the alignment of images used to produce an average can be problematic. It has long been known that if one uses a template-based alignment, the resulting average will tend to look more and more like the template as the number of images is increased. Thus, all image averages are potentially artifactual as they can depend upon the method being used to produce the average, and there is no necessarily unique solution. The power spectrum that we have obtained, on the other hand, is analogous to that obtained by X-ray fiber diffraction; that is, it is the sum by intensity of the spectra from individual filaments within a well-ordered fiber. We therefore suggest that our power spectrum in Figure 1B must represent the true averaged power spectrum from negatively stained EspA filaments, and the dominant third layer line seen in the previous spectrum (Daniell et al., 2003) is an artifact of the approach used to average images.
The IHRSR approach (Egelman, 2000) has been shown to be a powerful method for reconstructing filaments that are flexible (Chen et al., 2004) , heterogeneous (Galkin et al., 2003) , suffer from Bessel overlap (Woodhead et al., 2005) , or are weakly diffracting (Wang et al., 2006) . We have used this approach to reconstruct the negatively stained EspA filaments. The ''indexing'' of a Fourier transform (determining what Bessel order n is associated with what layer line) is a necessary step in generating a Fourier-Bessel reconstruction, and a similar problem exists in the IHRSR approach as one must make an initial assumption about the symmetry of a filament. We show, by using EspA, how one might proceed. From an analysis of the layer lines seen in the averaged power spectrum ( Figure 1B ) as well as from an analysis of individual filaments, three different symmetries appear possible (see Experimental Procedures). These are symmetries of 3.6, 4.4, or 5.6 units per turn of a w26 Å pitch one-start helix.
Can the IHRSR procedure resolve this ambiguity in structure? We have started the IHRSR procedure with 17,459 overlapping segments (each 420 Å in length). Since adjacent overlapping segments correspond to views of the helical filament from different azimuthal angles, the use of extensively overlapped segments increases the signal-to-noise ratio of the reconstruction generated by back projection from these segments (Egelman, 2000) . Using initial symmetries near to either 3.6, 4.4, or 5.6 units per turn, we found that a stable convergence could be achieved in each case. The surfaces from these different reconstructions are shown in Figures 2A-2C . Since only one of these symmetries can be correct, how can one determine which are artifactual? An electron micrograph of negatively stained EspA filaments (A) shows the flexibility of these polymers. The scale bar is 5000 Å . An averaged power spectrum (B), generated from 2358 nonoverlapping segments (each 100 pixels or 420 Å in length) of negatively stained EspA filaments, shows three strong layer lines, labeled as ''2,'' ''3,'' and ''5'' based upon their relative distance from the equator. The fifth layer line is at a position of w1/(25 Å ) and arises from a one-start helix. The orders of layer lines 2 and 3 cannot unambiguously be determined from the negatively stained samples. Three different IHRSR reconstructions can be generated from the negatively stained EspA filaments, containing 3.6 (A), 4.4 (B), or 5.6 (C) subunits per turn of the one-start helix. Each of these symmetries yields a stable solution by using the IHRSR method, even though the structures appear very different. The power spectra from the projections of these reconstructions ([D] , [E] , and [F] , respectively) are indistinguishable at the available resolution.
Given that the averaged power spectrum is a completely unbiased measure of the structure, it is a standard that can potentially be used to distinguish between a correct and artifactual reconstruction. The power spectra from the three different reconstructions ( Figures 2D-2F) show that not only are these three spectra indistinguishable, but that they are each indistinguishable from the gold standard, the observed power spectrum ( Figure 1B ). This shows that at the available resolution in our negatively stained images (w20 Å ), one cannot determine the symmetry of these filaments with any confidence, by using either Fourier-Bessel or IHRSR methods.
Cryo-EM of Unstained EspA Filaments
We have used cryo-EM ( Figure 3A ) to obtain higher resolution data and resolve the question of the symmetry of the EspA filaments. While EspA filaments in negative stain diffract so weakly that traditional Fourier-Bessel methods could not be used (Daniell et al., 2003) , unstained EspA filaments in ice diffract even more weakly. This is not a problem for the IHRSR approach, but means that one must simply collect more images. Due to the very poor signal to noise ratio of the ice images, the higher resolution is not apparent in an ''incoherent'' averaged power spectrum but only emerges after alignment. We have used 58,269 overlapping segments (each 240 Å in length) extracted from cryo-EM images of EspA filaments and used a similar approach to that taken in negative stain: start with symmetries near 3.6, 4.4, and 5.6 units per turn, and see which ones give stable convergence to a physically plausible structure. While each of these symmetries yielded stable convergence of the IHRSR algorithm from different initial values, only the reconstruction having 5.6 units per turn, with an axial rise per subunit of 4.6 Å ( Figure 3E ), generated a power spectrum that matched the averaged power spectrum obtained from the images themselves.
However, the failure of the EspA filaments to reach convergence with the IHRSR approach from different starting points (Figures 4A and 4B) was an indication to us of heterogeneity in structure. We therefore attempted to use variants of one of the global reconstructions ( Figure 4A ) with different symmetries imposed as references to sort the segments based upon differences in twist and axial rise. We used nine arbitrarily chosen symmetries, with three different angles (63.26º, 64.26º, and 65.26º) and three different axial rises (4.34, 4.64, and 4.94 Å ). We found that almost all variation appeared to be due to the axial rise, so we imposed a fixed angle but five different axial rise values from 3.6 to 5.6 Å on the global reconstruction and used this as a new reference. Although segments can be sorted into these five classes based upon differences in axial rise ( Figure 5A ), that does not mean that the sorting is necessarily valid. Several tests can be done to show that the sorting accurately reflects an intrinsic variability in the data. If we take the segments classified as having an axial rise closest to 4.1 Å , and start the IHRSR algorithm with an initial axial rise near the population mean, w4.6 Å , does the symmetry converge back to an axial rise of w4.1 Å ? Similarly, if we take the segments classified as having an axial rise of w5.1 Å , and again start the iterations with an axial rise of w4.6 Å , do the cycles converge to a value near 5.1 Å ? This was indeed the case, as shown in Figure 5D (the segments in the 4.1 Å bin converged to an axial rise of 4.2 Å , while the segments in the 5.1 Å bin converged to an axial rise of 5.3 Å ), arguing that the sorting based upon a variability in axial rise was valid.
A second, and independent, test for the proposed variability in axial rise comes from the power spectra. If there is no change in twist from w5.6 units/turn, and the variability is almost entirely in the axial rise, then one can predict the change in layer line spacings that should be seen as the axial rise changes. Approximating the structure as 28 subunits repeating in five turns of a one-start helix, the spacing of the ''2nd'' layer line will be 2/(28Dz), and the ''3rd'' will be 3/(28Dz), where Dz is the axial rise per subunit. For the class with Dz = 4.2 Å , the expected second layer line should be at 1/ (58 Å ), while for the class with Dz = 5.3 Å , the expected second layer line should be at 1/(74 Å ). Such a large shift should be readily visible. Generating separate power spectra from the segments initially classified as close to either 4.1 Å or 5.1 Å (Figure 5A ), the layer lines shift ( Figures 5B and 5C ) exactly as predicted. Since there is no change in the distance of the peaks from the An EM image (A), where the scale bar is 5000 Å . The averaged power spectrum (B) from the cryo-EM images can be interpreted as having an n = +6 on the second layer line and an n = 25 on the third layer line. This assignment comes from the fact that IHRSR reconstructions were generated with symmetries of w3.6, 4.4, and 5.6 subunits/turn, and the respective power spectra from these reconstructions (C, D, and E) were examined. In (C), the spacing of the layer lines does not match what is observed in (B). In (D), the integrated intensity of the second layer line is 1.25 times greater than that of the third, which also does not match the real power spectrum where the intensity of the third layer line is greater than that of the second. meridian of the transform as the layer line spacings change, we can eliminate the trivial possibility that the changes we are seeing are simply due to changes in magnification. This variation may have been the basis for the artifactual average of negatively stained EspA filaments (Daniell et al., 2003) since there is no global alignment that will bring all the helical features into register as the pitch of these helices is changing.
An obvious question is whether the variability in axial rise is due to two or three discrete states or represents a continuum (we would be unable to distinguish between many discrete states and a continuum). By looking at different bins generated by sorting against multiple references, all indications are that the variability represents a continuum. This is reflected by the fact that the layer lines in the power spectra from different bins appear to shift continuously in position, with no indication of a few discrete states. We have looked at whether individual EspA filaments have a well-defined axial rise, with variation coming between filaments. All indications are that the variability is within filaments.
Since the variation in axial rise appears continuous, one is faced with a choice in trying to reconstruct these filaments. As one tries to create more homogeneous subsets to improve the resolution, the number of segments decreases, which negatively impacts the resolution. We have therefore used a compromise of reconstructing from two classes, corresponding to segments having an axial rise of w4.2 Å (containing 22% of the segments) and a class having an axial rise of w5.3 Å A histogram of the axial rise per subunit (A) was generated by multireference alignment by using models for the EspA filament with a variable axial rise. A comparison (B and C) between two averaged power spectra generated from frozen-hydrated EspA filaments. The left side (B) comes from the segments (n = 12,858) that fell in the bin centered at 4.1 Å in (A). The right side comes from the segments (n = 14,568) that were in the bin centered at 5.1 Å in (A). The shift of the second layer line is from 1/(58 Å ) in (B) to 1/(74 Å ) in (C). Using the segments from the 4.1 Å and the 5.1 Å bins, and starting these with the IHRSR method at symmetry values near the population means, it can be seen (D) that these two sets converge back to the approximate axial rise determined by the sorting in (A). At the same time, the twist of both these sets remains at w64.3º.
(containing 25% of the segments). These two reconstructions are shown in Figure 6 . Using the 0.5 Fourier Shell Correlation criterion, we find that the resolution of each of these reconstructions is w15 Å . While that represents a more than 2-fold increase in information over the nominal 20 Å obtained in negative stain, it is significantly less than the w8 Å we have been able to obtain using the IHRSR method on cryo-EM images of a filamentous bacteriophage (Wang et al., 2006) . We think that the main limitation on resolution is the continuous variability of the subunit spacing, so that while each of the two sets (4.2 and 5.3 Å axial rise) is more homogeneous than the original population, they are still rather heterogeneous. When the resolution of these reconstructions is truncated to 26 Å (data not shown), the volumes still show strong connectivity along both the five-start and six-start helices and are thus dissimilar to the reconstruction shown previously (Daniell et al., 2003) .
Surface views of the two different states (Figures 6A, 6B, and 6E) look very similar, except for differences in extension. Since there is no change in diameter between the two reconstructions ( Figure 6E ), we do not need to consider the possibility that the differences are due to differences in magnification. A cut-away view exposing the lumen shows a marked difference between these two different reconstructions. In the state having a 4.2 Å axial rise ( Figure 6C ), the density surrounding the lumen is mainly a right-handed six-start helix, while in the 5.3 Å state ( Figure 6D ), the density surrounding the lumen is a left-handed five-start helix. The different patterns of connectivity can be understood by looking at the helical net (Figure 7 ), which is a schematic diagram showing the helical lattice on the surface of a cylinder. When the filaments are compressed (axial rise w4.2 Å ), the main connectivity of density around the lumen is given by the right-handed six-start helices. When the filaments are extended (axial rise w5.3 Å ), the connectivity switches to the left-handed five-start helices. As a result, there appears to be an equilibrium between two different states, with a shift in the equilibrium associated with either extension or compression. This kind of equilibrium may be a way of creating an elastic filament out of basic elements (such as a helices) that are themselves relatively inextensible. In contrast to a hollow rubber tube, where the lumen becomes constricted as the tube is stretched, we see no significant change in the size of the lumen between these two different reconstructions ( Figures 9C and 9D) .
What happens in the central bin, those containing segments with an axial rise near 4.6 Å ? We have found that this bin is more heterogeneous than the two surrounding bins used above, as judged by the failure of the IHRSR procedure to achieve convergence from different starting points. We therefore attempted to sort this bin into more homogeneous subsets with the two reconstructions in Figure 6 as references. Since an averaged power spectrum from segments in this bin showed that the average axial rise was actually close to 4.6 Å , we expected that the main source of heterogeneity would not be the variability in axial rise. We therefore imposed D) show the hollow lumen, after removing the front half of the structure. In (C), the density surrounding the lumen is dominated by a right-handed six-start helix, while in (D), the density surrounding the lumen is dominated by a left-handed five-start helix. The EspA coiled-coil (Yip et al., 2005) is fit into the lefthanded five-start in (D). A superposition of the two reconstructions (E) in which one subunit in each (red arrow) has been aligned shows the large difference in subunit axial rise. The symmetry that is shown corresponds to the average axial rise per subunit of 4.6 Å . Three helical families are labeled. The screw symmetry (axial rise and rotation) is defined along the right-handed one-start helix. The connectivity between subunits that is observed near the lumen corresponds in the compressed state to the righthanded six-start helices or in the extended state to the left-handed five-start helices.
the same 4.6 Å axial rise on each of the two reconstructions, so that the difference between them was only the connectivity around the lumen, and not the degree of extension. This sorting placed 12,301 (57%) of the segments in the class with a left-handed five-start around the lumen and 9,180 (43%) in the class with a righthanded six-start around the lumen. Given that we are dealing with very low contrast images in ice from short segments (240 Å long), it is remarkable that a sorting based upon changes at small radius in the filament (where one is less sensitive to structural features) might actually work. The demonstration that such a sorting does work can be seen in Figure 8 , where reconstructions from the two classes are shown.
We have tried to understand the density surrounding the lumen in terms of what is known about EspA. By analogy with the bacterial flagellar filament (Cordes et al., 2003 (Cordes et al., , 2005 Kenjale et al., 2005; Daniell et al., 2003) , it has been suggested that the N and C termini of EspA might together form a domain similar to the flagellar coiled-coil D0 domain. In the bacterial flagellar filament, these domains from adjacent subunits are tightly packed together to form a lumen that has a diameter of w20 Å (Yonekura et al., 2003) . A comparison between the flagellar filament and EspA (Figure 9) shows the similarity in the size of the lumen and in the arrangement of density surrounding the lumen between these different structures. However, the available resolution precludes a more detailed comparison. Interestingly, a crystal structure of EspA in complex with its chaperone CesA reveals an EspA coiled-coil between N-and C-terminal a-helical segments (Yip et al., 2005) . It is the interaction between this coiled-coil and the chaperone CesA that prevents EspA from polymerizing and allowed crystallization.
We have fit the EspA coiled-coil into the reconstructions in Figure 6 and find that the left-handed five-start density in the extended state ( Figure 6D ) can accommodate the intramolecular coiled-coil, but the right-handed six-start density in the compressed state ( Figure 6C ) appears too narrow to fully encompass such a coiled-coil.
Discussion
We have examined EspA filaments by both negative stain and cryo-EM of unstained filaments and find that, in both techniques, EspA subunits do not have a fixed axial rise. The variability that we observe is quite large and would correspond to a w50% increase in filament length over the range of axial rise that we have observed, from w3.6 to w5.6 Å . In addition, we observe that the density surrounding the lumen in the structure can exist in two different conformations and that these appear coupled to the extension of the filament. When the filament is extended, the connectivity between subunits appears to be mainly along left-handed five-start helices. When the filaments are compressed, the connectivity appears to be mainly along the right-handed six-start helices. When segments near the average extension are examined, segments can be found in each of these two states of connectivity.
Outside of a crystal, where a space group maintains long-range order, there is nothing that forces helical symmetry in a polymer to be fixed and constant (Egelman et al., 1982) . While the symmetry of EspA filaments is similar to that of the T3SS needle (Cordes et al., 2003) The yellow surface corresponds to the class that was sorted to be more similar to the reconstruction from the compressed state ( Figure 6A ), while the cyan surface corresponds to the class that was sorted to be more similar to the extended state ( Figure 6B ). The outside surfaces of the two reconstructions are almost indistinguishable (A). The cut-away views in (B) and (C) show the hollow lumen, after removing the front half of the structure. In (B), the density surrounding the lumen is dominated by a right-handed sixstart helix (dashed red lines), while in (C), the density surrounding the lumen is dominated by a left-handed five-start helix. The flagellar filament (A) and the EspA Filament (B and C). The atomic model of the bacterial flagellar filament (Yonekura et al., 2003) has been filtered to 15 Å resolution and is shown in cross-section (A). Our reconstructions of the EspA filament with an axial rise of 4.2 Å per subunit (B) and 5.3 Å rise per subunit (C) are also shown in cross-section, where it can be seen that the size of the lumen remains unchanged as the filament stretches by w25%. The lumen in EspA is comparable in size to that in the flagellar filament.
as also described by a previous study of negatively stained EspA filaments (Daniell et al., 2003) , we show that by using only negatively stained images at 20 Å resolution, there is a fundamental ambiguity in determining the symmetry of EspA filaments, and values of 3.6, 4.4, and 5.6 subunits per turn cannot be excluded. We suggest that such ambiguities in establishing helical symmetry are more prevalent than has been widely assumed, and finding a particular symmetry that generates a reasonable three-dimensional reconstruction at a limited resolution does not mean that it is unique.
Electron micrographs of negatively stained F-actin filaments suggested almost 40 years ago a variability in structure (Hanson, 1967) . This variability was subsequently interpreted in terms of a model for F-actin where subunits had a fixed axial rise, but a variability in rotation of w10º between adjacent subunits (Egelman et al., 1982) . This model has been controversial (Erickson, 1989; Bremer et al., 1991) , but many subsequent observations have provided support for it (Galkin et al., 2001; Schmid et al., 2004) . The picture of F-actin that has emerged runs counter to the notion that there is a single state of the actin filament that can be specified in atomic detail. Rather, there appears to be a multiplicity of states that are characterized by, among other things, different interfaces between actin subunits. The question is whether F-actin is a highly unusual protein polymer, or whether many other protein polymers also show a multiplicity of structural states.
We have now shown that the EspA filament does not have a single defined structure. Instead, and in contrast to F-actin, it has a fixed rotation between subunits, but a variable axial rise between adjacent subunits. Techniques that average over entire filaments, or populations of filaments, would observe an average axial rise of 4.6 Å but be oblivious to the underlying variations. Because techniques to examine filaments such as EspA at higher resolution without obscuring underlying heterogeneity have only recently become available, we think that the structural polymorphism we observe in these filaments may actually be more prevalent than assumed.
How does the variability in EspA structure relate to biological function? Since the EspA filaments that we have examined have been sheared from bacteria, and not polymerized in vitro, we suggest that the variability is a real feature of filaments expressed on the bacterial surface. We think it unlikely that the removal of the tethered end from the bacterium is the source of the variability, but this could be tested in future studies. The EspA filament is an extension of the T3SS needle (Sekiya et al., 2001) . A recent study used mutagenesis of the needle protein in Shigella flexneri (MxiH) to examine the role of the needle in activation of the T3SS and concluded that the needle may activate the T3SS by sensing host cells . Since the needle is a long polymer, such sensing must transmit information from the distal tip to the base of the needle by some unknown means. It was suggested, in analogy with the switching of the bacterial flagellar filament from L-to R-states (Yamashita et al., 1998) , that the needle might undergo similar transitions in helical structure. However, an EM analysis of mutant needles that lock the T3SS into altered secretion states failed to find any changes in average pitch or twist from the wild-type (Cordes et al., 2005) . Could the switching that we have observed near the lumen also take place in the needle, and could this be the mechanism for transmission of information? This is an interesting question that we currently cannot answer.
The EspA filament is an extension of the T3SS needle that can be as long as 0.6 m in length (Sekiya et al., 2001 ). This length would subject the filament to large shear forces in the gut of the host organism. A flexible structure can be much more resistant to breakage than a rigid structure (consider a rubber versus a glass tube), and the ability of EspA subunits to extend and compress in the filament may be one of the main mechanisms to allow transfer of T3SS effector proteins over long distances from the bacterial cell to the host cell through a lumen that remains open as the structure deforms. It is possible, therefore, that the switching in connectivity that we observe as the filament compresses or extends is mainly a mechanism that allows these filaments to maintain their function in a mechanically harsh environment.
Experimental Procedures
Preparation of EspA Filaments EspA filaments were purified from enteropathogenic E. coli E2348/69 strain by similar methods as described previously (Daniell et al., 2003) . Briefly, 2 ml of standing overnight cultures (in LB broth) were inoculated into 50 ml of Dulbecco's modified essential medium (DMEM). After 6 hr of growth at 37ºC, cells were harvested by centrifugation at w6000 3 g. The bacterial pellet was subsequently resuspended in 2 ml of cold phosphate-buffered saline (PBS), and the resulting suspension was passed through a 25-gauge needle. Bacterial cells were collected by two centrifugation steps at w10,000 3 g, and the supernatant was used for the EM studies.
Imaging and Analysis
Two microscopes were used for imaging: a Tecnai 12 transmission electron microscope (TEM) for the negatively stained samples and a Tecnai F20 TEM with a field emission gun source for the unstained frozen-hydrated samples. The negatively stained samples were applied to a carbon film and stained with 2% (w/v) uranyl acetate. The samples for cryo-EM were applied to either holey-carbon (Quantifoil) or to a continuous carbon film on the grids. Of the 109 cryo-EM micrographs used for analysis, 15 were from the Quantifoil, and the rest were from the continuous carbon. The micrographs were taken on film at 30,0003 magnification (80 keV) for the negatively stained samples and 50,0003 magnification (200 keV) for the frozen-hydrated samples. Negatives were scanned with a Nikon Coolscan 8000 as 16 bit images with a raster of 4.2 Å /pixel for the negatively stained samples and 2.4 Å /pixel for the frozen-hydrated samples.
For the negatively stained samples, approximately ten filaments were found that gave rise to clear layer lines in their Fourier transform. Inspection of these patterns showed that the phases corresponded to an even Bessel order on layer line 2 and an odd Bessel order on layer line 3. Layer line 5 was odd, and could only be n = 1 from the position of the peak near the meridian. We assume in all further work that the w26 Å pitch helix is right handed, based upon homology with the flagellar filament. Using the maximal possible radius of the filaments (w65 Å ), we determined that layer line 2 could not be larger than jnj = 6, while layer line 3 could not be larger than jnj = 5. This gave rise to the three possible sets of Bessel orders for layer lines 2, 3, and 5, respectively: +4, 23, +1 (3.6 units/turn); +4, 25, +1 (4.4 units/turn); +6, 25, +1 (5.6 units/turn).
The contrast transfer function (CTF) was determined from each cryo micrograph (n = 109) with either the carbon film surrounding the hole or the continuous carbon film support. The defocus values spanned the range from 1.3 to 5.4 m. The correction for the CTF involved only binary phase flipping. For negatively stained samples, no CTF correction was necessary due to the fact that the first zero of the CTF was beyond the resolution of the reconstruction. Overlapping segments (w18,000 segments for the negatively stained samples and w58,000 for the frozen-hydrated samples), each 100 pixels long, were extracted for data analysis and 3D reconstruction. The shift between adjacent boxes was ten pixels in all cases, so the overlap was 90%. This large degree of overlap improves the signalto-noise in the reconstruction, as adjacent segments correspond to projections of the structure from different azimuthal angles.
Sorting the Heterogeneous Filaments and 3D Reconstruction
The SPIDER software package (Frank et al., 1996) was used for most image processing. We failed to reach convergence from different starting points with the IHRSR approach by using 58,269 segments, which was an indication to us of heterogeneity. Starting from two different symmetries, two different reconstructions were generated. One of these reconstructions was then used to create nine reference structures having slightly different symmetries (angular rotation and axial rise per subunit). A multireference sorting against projections of these reference volumes was used to classify image segments into nine different groups. Since each reference volume was projected with azimuthal rotations of 9º to produce 40 reference projections, 2.1 3 10 7 crosscorrelations were performed (9 3 40 3 58,269). The resulting distribution showed that most segments have the same angular rotation (w64.3º) but varied in axial rise. As a result, the initial reconstruction was used to create five new reference structures having the same angular rotation (w64.3º) but different axial rises. All the image segments were resorted into five groups. For all reconstructions, reference volumes were projected each cycle with an azimuthal increment of 4º.
Since the defocus values spanned a large range (from 1.3 to 5.4 m), the envelope function generated by the sum of the CTFs can be safely ignored within the region of w1/(50 Å ) to 1/(10 Å ). However, the suppression of the lowest frequency Fourier components (from 0 to w1/[50 Å ]) weights down the density near the axis with respect to the density at the outside of the filament. We have thus added back a continuous Gaussian density distribution for Figures 9B and 9C so that the density peaks are more uniform from the inside to the outside of the structure.
